Aging is associated with a progressive decline in skeletal muscle function, then leading to impaired exercise tolerance. Maximal strength training (MST) appears to be a practical and effective intervention to increase both exercise capacity and efficiency. However, the underlying physiological mechanisms responsible for these functional improvements are still unclear. Accordingly, the purpose of this study was to examine the intramuscular and metabolic adaptations induced by 8 weeks of knee-extension MST in the quadriceps of 10 older individuals (75 ± 9 yrs) by employing a combination of molecular, magnetic resonance 1 H-imaging and 31 Pspectroscopy, muscle biopsies, motor nerve stimulation, and indirect calorimetry techniques. Dynamic and isometric muscle strength were both significantly increased by MST. The greater torque-time integral during sustained isometric maximal contraction post-MST (P = 0.002) was associated with increased rates of ATP synthesis from anaerobic glycolysis (PRE: 10 ± 7 mM·min −1
Introduction
Sedentary aging is associated with a progressive decline in both exercise capacity and efficiency (the ratio of work generated to energy expended) during locomotion (McKinnon et al., 2015; Woo et al., 2006) , which, ultimately, affect the ability to perform daily life activities, and lead to a loss of independence. This age-related functional impairment seems to be partly mediated by muscle weakness, a decline in the "anaerobic" work capacity above critical power (W′), and an exaggerated ATP cost of contraction in the locomotor muscles (Layec et al., 2015; Neder et al., 2000; Poole and Barstow, 2015; Zane et al., 2017) .
With the rapid growth of the older population (Harper, 2014) , it is becoming critically important to develop evidence-based and practical https://doi.org/10.1016/j.exger.2018.07.013 Received 23 May 2018; Received in revised form 9 July 2018; Accepted 18 July 2018 strategies targeting these hallmarks of aging to defer the decline in physical function. Interestingly, maximal strength training (MST), which is characterized by~4 sets using few repetitions (4-5) at high loads (85-90% of 1 repetition maximum; 1RM) improve muscle strength, force development, efficiency and delay the time to exhaustion (Heggelund et al., 2013; Hoff et al., 2007; Wang et al., 2010 Wang et al., , 2017 . However, the underlying intramuscular mechanisms responsible for the improvement in muscle function with MST remain unclear. In the only study to date examining the morphometric adaptations induced by MST, Wang et al. (2017) documented a significant increase in the size and the percentage of type II fibers in the vastus lateralis of older subjects after MST. Such findings seem rather counter-intuitive as fasttwitch fibers are thought to exhibit a higher ATP cost of contraction compared to slow twitch fibers (Barclay and Weber, 2004; Reggiani et al., 1997) , and MST has consistently been documented to improve exercise efficiency (Heggelund et al., 2013; Hoff et al., 2007; Wang et al., 2010 Wang et al., , 2017 .
Besides exercise efficiency, it has also recently been suggested that part of the beneficial effect of strength training on exercise tolerance may stem from an increase in anaerobic work capacity (Denadai and Greco, 2018) . In accordance with this suggestion, elevated blood lactate has been reported at peak exercise following MST (Karlsen et al., 2009) . However, this is not a consistent finding among studies (Hoff et al., 2007; Wang et al., 2010) . Given the limitations associated with the use of blood lactate as a proxy for anaerobic metabolism, it is therefore still unclear whether MST can also alter the peak rates of ATP synthesis derived from anaerobic glycolysis and the creatine kinase reaction in the exercising muscle.
There is an apparent conundrum between the benefits of MST training on exercise capacity and the morphological adaptations occurring at the fiber level in older adults (shift toward type II fibers), which may have opposite effects on muscle efficiency and anaerobic metabolism. Therefore, the purpose of this study was to examine the mechanisms by which MST alters muscle metabolic fluxes and efficiency in the locomotor muscles of older individuals. We hypothesized that MST 1) will induce a shift toward a more glycolytic muscle phenotype (greater proportion of fast myosin heavy chain), 2) allowing for greater muscle force production during sustained maximal contraction associated with an enhanced capacity to generate ATP from glycolysis and high-energy phosphates, 3) whereas the ATP cost from both crossbridge cycling and ion pumping will remain unchanged.
Methods

Subjects
After obtaining written informed consent, 10 older subjects (7 males, 3 females) participated in this study (Table 1) . The subjects were recruited based upon evidence of no regular physical activity above that required for activities of daily living (documented after recruitment by both questionnaire and accelerometry) and older than 65 yrs of age. All subjects were non-smokers, free of diabetes, known cardiovascular, neuromuscular, or pulmonary disease. Additionally, none of the subjects were taking medications recognized to affect muscle function. Women taking hormone replacement therapy were excluded from the study. The study was approved by the Institutional review board of both the University of Utah and the Salt Lake City Veterans Affairs Medical Center. All experimental trials were performed in a thermoneutral environment, with the subjects fasted overnight.
Testing procedures
Familiarization sessions
Prior to the main experiments, which were conducted on different days separated by at least 48 h, participants were familiarized with all testing procedures and blood samples were collected to perform a complete blood cell count, a fasting glucose and lipid panel. During a preliminary visit, subjects performed a maximal incremental exercise test [20 W + 25 W·min
−1 ] on a bicycle ergometer (Velotron, Elite
Model, Racer Mate, Seattle, USA) for the determination of maximum workload (WR max ) and peak oxygen consumption (VO 2peak ) using an open-circuit calorimetry system (Parvo Medics, True Max 2400, Salt Lake City, USA).
Whole-body cycling efficiency
After measuring resting energy expenditure, and following a 5 min warm-up with no resistance (0 W), subjects performed cycling exercise (Velotron, Elite Model, Racer Mate, Seattle, USA) at 30 and 50% of WR max for 5 min followed by 3 min of passive recovery after each workload. At baseline and throughout the exercise, pulmonary gas exchanges were measured continuously using an open-circuit calorimetry system (Parvo Medics, True Max 2400, Salt Lake City, USA), with net efficiency calculated from the last minute of each exercise. Specifically, net efficiency was calculated from the ratio between the mechanical power and the energy expenditure (EE) above rest as previously described (Husby et al., 2010) .
Isolated quadriceps ATP cost of contraction in vivo
To assess the ATP cost of contraction from the entire pool of muscle fibers, i.e. including both type I and II fibers, subjects performed two modes of isometric knee-extension exercise eliciting a maximal contraction of the quadriceps within the whole body MRI system. While supine, the knee was positioned at a~45°knee joint angle over a custom-built knee support with the foot attached to a strain gauge (SSM-AJ-250, Interface Inc., Scottsdale, USA). To minimize hip movement and back extension during the contraction, participants were secured to the bed with a non-elastic strap placed over the hips and the thigh. The force signal was converted from analog-to-digital (MP150, Biopac Syst Inc., USA) and collected with a sample frequency of 200 Hz on a personal computer (Acknowledge, Biopac Syst Inc., USA). Utilizing this equipment, each subject initially performed 2 baseline maximum voluntary contractions (MVC) of~5-10 s duration, separated by 1 min of recovery. After~5-10 min of additional rest and 4 min of baseline data collection, subjects performed two exercise bouts of 24 s, each followed by 5 min of recovery. The exercise bouts consisted of a maximal continuous contraction throughout the 24 s, designed to obtain peak metabolic fluxes and minimize the activity of the ionic pump such that the metabolic demand predominantly originated from the contractile apparatus (i.e. myosin ATPase), or a maximal intermittent contraction (2 s contraction: 2 s relaxation) for the same duration requiring energy for both contractile and non-contractile processes (i.e. Na + -K + and Ca 2+ ATPases) (Layec et al., 2015) . The torque-time integral (TTI, N m) was averaged over 6 s to match the time resolution of the 31 P-MRS data. A balanced design was used to minimize any potential leg dominance or ordering effects. 31 P-Magnetic Resonance Spectroscopy ( 31 P-MRS) was performed using a clinical 2.9 T MRI system (Tim-Trio, Siemens Medical Solutions, Erlangen, Germany) operating at 49.9 MHz for 31 P resonance.
31
P MRS data were acquired with a 31 P-1 H dual tuned surface coil with linear polarization (Rapid biomedical GmbH, Rimpar, Germany) positioned above the quadriceps at the mid-thigh level in order to sample all major muscles of the quadriceps. The 31 P single-loop coil diameter was 125 mm surrounding a 110 mm 1 H coil loop. 31 P-MRS data acquisition was performed throughout the rest-exercise-recovery protocol using a FID (free-induction-decay) pulse sequence with a 2.56 ms adiabatic-half-passage excitation RF pulse and the following parameters (repetition time = 2 s, receiver bandwidth = 5 kHz, 1024 data points, and 3 averages per spectrum). As previously described (Layec et al., 2015) , relative concentrations of PCr, inorganic phosphate (Pi), and ATP were obtained by a time-domain fitting routine using the Advanced Method for Accurate, Robust and Efficient Spectral (AMARES) fitting algorithm (Vanhamme et al., 1997) incorporated into the CSIAPO software (Le Fur et al., 2010) . Changes in both pH and the concentrations of phosphorus metabolites during contraction were used to calculate the ATP cost of contraction, as previously described (Kemp and Radda, 1994; Kemp et al., 1995; Layec et al., 2015) .
Quadriceps muscle contractile properties in vivo
Participants were seated upright in a custom-built chair with their hip and knee flexed at 60°and 90°, respectively, and arms crossed over the chest. Isometric knee extensor force of the leg tested in the MR scanner was measured using a linear strain gauge (MLP 300; Transducer Techniques, Temecula, USA) attached to a noncompliant cuff 2-3 cm superior to the lateral malleolus. To characterize quadriceps muscle contractile properties, stimulating electrodes (3 × 3 cm, Ag-AgCl, Nikomed, Huntingdon Valley, USA) were placed over the femoral nerve in the femoral triangle (cathode) and between the greater trochanter and the iliac crest (anode). A constant current stimulator (Model DS7AH; Digitimer Ltd., Welwyn Garden City, UK) delivered a square wave stimulus (200 μs). To ensure supramaximality during these tests, the stimulation intensity (PRE: 303 ± 69 mA; POST: 306 ± 73 mA, P = 0.85) was set to 120% of the intensity eliciting a maximal spatial recruitment of the quadriceps muscle. Three 3-s MVCs, separated by 30 s, were performed before and after the 8 week MST protocol. Single twitches, 10 Hz doublets and 100 Hz doublets were delivered 2 s, 4 s, and 6 s after every MVC, respectively. Peak torque for all twitches and MVC were taken as the average of three measurements and determined using Spike 2 data collection software (Cambridge Electronic Design, Cambridgeshire, UK) running custom-written scripts. Maximal dynamic quadriceps strength (1 RM) was obtained using a knee extension ergometer (Prime-8, Hoist Fitness Systems, San Diego, USA) on which the subject moved concentrically from an initial 90°to 180°knee angle position. 1RM was recorded as the heaviest load that participants were able to lift 1 time.
Quadriceps muscle volume
Magnetic Resonance Imaging (MRI) was performed using a clinical 2.9 T MRI system (Tim-Trio, Siemens Medical Solutions, Erlangen, Germany). T1-weighted images were acquired at rest in a supine position using a turbo spin echo sequence (slice thickness = 1 cm, gap thickness = 7-16 mm, turbo factor = 3, TE = 12 ms; TR = 700 ms; turbo factor = 3; concatenation = 2, field of view = 20 × 20 cm; matrix size = 256 × 256; acquisition time = 2 min 03 s) with 15-20 axial slices covering the region from the greater trochanter to the knee (Layec et al., 2014) . The cross-sectional area of the quadriceps for each slice was determined using a public-domain image-processing software Image-J v1.46r (National Institute of Health, Bethesda, USA) and quadriceps volume was then calculated by summing the areas of all the slices, taking into account the slice thickness and the inter-slice space (Tonson et al., 2008) . Quadriceps muscle mass was obtained from the anatomical images of the leg considering muscle density = 1.049 kg/L.
Muscle biopsy and immunoblotting
After all the in vivo tests had been completed, a percutaneous biopsy of the vastus lateralis muscle approximately 3.5 cm deep, 15 cm proximal to the knee and slightly distal to the ventral mid-line of the muscle was obtained from the leg tested in the MR scanner. The 5 mm diameter biopsy needle (Bergstrom) was attached to sterile tubing and a syringe to apply a negative pressure to assist in the muscle sample collection. Immediately after the muscle sample was removed from the leg, the sample (~50 mg) was snap frozen and stored at −80°C. The relative abundance of target proteins was then determined using Western blot analysis. Briefly, muscle samples were homogenized in lysis buffer, supplemented with a protease/phosphatase inhibitor cocktail (10 μM sodium fluoride and 1 mM phenyl methyl sulfonyl fluoride (PMSF)) (Santa Cruz Biotech, Santa Cruz, USA). Protein concentration was determined using the Bradford technique. 40 μg of homogenate was separated by polyacrylamide gel electrophoresis, transferred onto a nitrocellulose membrane, and incubated with primary and secondary antibodies directed against the proteins of interest. Membranes were imaged on a ChemiDoc XRS (Bio-Rad, Hercules, USA) and quantified with Image Lab software (Bio-Rad). The specific antibodies used to detect skeletal muscle proteins included: fast and slow myosin heavy chain (MHC, M4276 and M 8421, Sigma, USA), dihydropyridine (DHPR, MA3-920, ThermoFisher Scientific, USA), sarco/ endoplasmic reticulum calcium-ATPase isoform 1 and 2 (SERCA1 and 2, 4219 and 4388, Cell Signaling, USA). The abundance of each protein was normalized to beta-actin (ab8227, Abcam, USA), which served as a loading control.
Physical activity level
All subjects completed a physical activity questionnaire including items regarding the average type, frequency, intensity, and duration of physical activity in any given week. Additionally, after receiving standardized operating instructions, subjects wore an accelerometer (GT1M; Actigraph, Pensacola, USA) for seven to ten consecutive days before the training intervention started, with adherence automatically assessed by the data collected. Average daily physical activity was expressed as steps per day and the time spent performing moderate to vigorous physical activity.
Training intervention
Supervised maximal strength training was performed 3 times a week for 8 weeks using a knee extension machine with the intent to maximize the training adaptations in the quadriceps. MST sessions started with two warm up sets at a moderate intensity followed by 4 sets of 4 repetitions at~85-90% of 1 RM, with an emphasis on maximal intended velocity in the concentric phase. Alternating from one leg to the other after each set, the quadriceps from both legs were trained individually, with 2 min of recovery between each set, for a total of 8 sets (4 on each O.K. Berg et al. Experimental Gerontology 111 (2018) 154-161 leg). When a participant was able to complete > 4 repetitions, the resistance was increased by 5 lbs = 2.3 kg. One training session typically lasted for 20 min, including rest periods. Throughout the intervention, the participants were encouraged to continue their typical daily activities in addition to the supervised training in the laboratory.
Statistical analysis
The assessment of differences between pre and post-tests were performed with either paired t-tests or nonparametric Wilcoxon tests, where appropriate (Statsoft, version 7; Statistica, Tulsa, USA). Based upon previous results (Barrett-O'Keefe et al., 2012; Wang et al., 2017) , a univariate test for planned comparison was used to assess the effect of MST on net efficiency. Statistical significance was accepted at P ≤ 0.05. Results are presented as mean ± SD in tables and mean ± SEM in the figures for clarity.
Results
Subject characteristics
Subject characteristics are presented in Table 1 . As confirmed by the VȮ 2peak values and the accelerometry data, all subjects were defined as sedentary to low active (Tudor-Locke et al., 2011) . 9 subjects completed the study without any adverse events with a compliance rate of 86 ± 9% of the 24 sessions. 1 subject experienced some knee discomfort during the exercise but completed the training program. For reasons unrelated to the study, one subject did not comply with the training plan and did not complete both biopsies, therefore these data have been excluded from the analysis. After 8 weeks of MST, the training load used for the single-leg knee-extension exercise increased from 20 ± 6 kg to 29 ± 8 kg (53 ± 40% within-subject improvement, P = 0.0002).
Whole-body efficiency
Net efficiency during cycling at 30% and 50% of pre training peak work rate is displayed in Fig. 1 . There was a significant increase after 8 weeks of knee-extension MST on net efficiency during cycling (P = 0.03).
Quadriceps metabolic fluxes during sustained maximal continuous contraction in vivo
During maximal continuous contraction of the knee-extensor, the rates of ATP synthesis from glycolysis and the creatine kinase reaction were increased post-training compared to pre-training values whereas the ATP synthesis rate from oxidative phosphorylation was not significantly altered post-training (P = 0.85, Fig. 2) . As a result, the relative contribution to ATP synthesis from anaerobic pathways was increased from 65% to 72% post-training (P = 0.04, Fig. 2 ).
Quadriceps ATP cost of contraction during continuous and intermittent contractions in vivo
The torque-time integral (TTI) over the entire exercise bout was greater post-training compared to pre-training during both the continuous (P = 0.002) and intermittent contractions (P = 0.003, Fig. 3A ). This greater force production was associated with a proportional increase in the total ATP synthesis rate (Continuous: P = 0.02, Fig. 3B ). As a consequence of this increase in the ATP synthesis rate, the ATP cost of contraction post-training was not significantly different from pretraining during both the continuous (P = 0.47) and the intermittent contraction protocols (P = 0.73, Fig. 3C ) even when normalized for muscle volume (Continuous: P = 0.44; Intermittent, P = 0.23).
Quadriceps muscle contractile properties in vivo
Muscle volume, 1 RM and MVC significantly increased after 8 weeks of MST (Table 2) . Torque during electrically evoked twitches also increased at all stimulation frequencies post-MST, indicative of an upward shift in the force-frequency relationship (P = 0.042). The rate of torque development was faster (P = 0.043), and the half-relaxation time shorter (P = 0.027), resulting in a shorter contraction time (P = 0.018) post-MST.
Protein expression
After 8 weeks of knee-extension MST, protein expression of both the fast myosin heavy chain (P = 0.005) and SERCA1 (P = 0.003) in the vastus lateralis were significantly upregulated (Fig. 4) whereas protein expressions of the slow myosin heavy chain, DHPR and SERCA2 were not significantly different from baseline.
Discussion
This study sought to examine the mechanisms by which MST alters muscle metabolic fluxes and efficiency in the exercising quadriceps muscles of older individuals. The main findings of this study were that 8 weeks of knee-extension MST 1) resulted in a shift toward a more glycolytic muscle phenotype (greater proportion of fast MHC isoforms), 2) thus enabling greater muscle force production during sustained maximal contraction associated with an enhanced capacity to generate ATP via glycolysis and phosphocreatine consumption, 3) whereas the ATP cost from both cross-bridge cycling and ion pumping during isolated knee-extension exercise remained unchanged, in the face of an increased net efficiency during cycling exercise. Together, these findings indicate that the increase in exercise capacity typically reported with MST may, at least in part, be caused by an increase in the muscle anaerobic capacity to generate ATP, while the improvement in exercise efficiency appears to be independent from a change in the ATP cost of contraction.
Evidence of metabolic fluxes alterations with MST
MST has been documented to increase time to exhaustion and peak work rate during graded exercise without altering VȮ 2peak Hoff et al., 2007; Wang et al., 2010) thus indicating that other mechanisms are responsible for this improvement in exercise tolerance. Accordingly, our study attempted to shed light on the metabolic adaptations during exercise following MST. A key novel finding from this study is that the rates of ATP synthesis from anaerobic glycolysis and the creatine kinase reaction were significantly increased post- Fig. 1 . The effects of 8 weeks of maximal strength training on net efficiency during submaximal cycling exercise at 30% and 50% of peak work rate in older. Values are presented as mean ± SEM (n = 9).
O.K. Berg et al. Experimental Gerontology 111 (2018) 154-161 training and were associated with greater force production during sustained maximal contraction of the knee-extensors (Fig. 2) . As a result, the relative contribution from anaerobic pathways to ATP synthesis significantly increased (Fig. 2) . In this line, elevated blood lactate has also been documented at peak exercise following MST in coronary heart disease patients (~67 yrs) (Karlsen et al., 2009) , although this is not a consistent finding (Hoff et al., 2007; Wang et al., 2010) . This discrepancy might, however, be explained in part by the method employed to quantify anaerobic metabolism (blood lactate versus quantitative MRS) and the exercise intensity employed (graded aerobic exercise versus short-duration maximal exercise). In agreement with the present interpretation of the findings, the relative distribution of MHC isoforms was also altered by MST. Specifically, the relative expression of fast MHC was upregulated post-MST (Fig. 4) and was accompanied by an increased expression of SERCA1, the sarcoplasmic reticulum Ca 2+ ATPase predominantly present in type II fibers (Lamboley et al., 2014) . Previous studies have indeed consistently documented greater acidosis and PCr consumption during contraction of fast-twitch compared to slow twitch muscle fibers both in humans and rodents (Forbes et al., 2009; Kushmerick et al., 1992; Mizuno et al., 1994) . Combined with the results of the present study, these findings suggest that 8 weeks of MST induced a shift toward a faster muscle phenotype, with greater anaerobic capacity, allowing for greater force generation in the quadriceps muscle of the elderly. In line with the increased rates of ATP synthesis from anaerobic glycolysis and the creatine kinase reaction post-MST, the beneficial effect of strength training on exercise tolerance has recently been proposed to stem from an increase W′ (Denadai and Greco, 2018) . Specifically, strength training was documented to increase anaerobic work capacity, while critical power and VȮ 2peak remained unchanged (Sawyer et al., 2014) . Together, these findings suggest that the beneficial effect of strength training on W′ and exercise tolerance might be related to a higher capacity to generate ATP from anaerobic glycolysis and high-energy phosphates.
Quadriceps ATP cost of contraction in vivo following MST in elderly
We have previously documented an age-related increase in the ATP cost of contraction that was the consequence of excessive energy demand from ion pumping (Layec et al., 2015; Layec et al., 2018) . In the present study, we utilized 31 P-MRS and an isolated knee-extension exercise with maximal intermittent contractions to elicit a metabolic demand from both cross-bridge cycling and ion pumping, and a continuous maximal contraction to predominantly tax cross-bridge cycling. Using this experimental design, we sought to determine whether the ATP cost of contraction was altered with MST as well as the relative changes in the contribution from cross-bridge cycling and ion pumping to metabolic demand. This approach revealed that the ATP cost of contraction in the quadriceps during both the continuous and the intermittent protocols was unchanged after MST (Fig. 3) . Thus, it is unlikely that intrinsic alterations in the metabolic demand from the contractile (i.e. myosin ATPase) and the non-contractile processes (i.e. Na + -K + and Ca 2+ ATPases) are responsible for the training-induced increase in net efficency during cycling. It is, however, interesting to note that MST resulted in an apparent disparity between structural and functional adaptations in terms of efficiency in the skeletal muscle of elderly. Indeed, fast-twitch fibers are thought to exhibit a lower efficiency compared to slow twitch fibers (Barclay and Weber, 2004; Reggiani et al., 1997) . Consistent with this, young individuals with a greater proportion of fast-twitch fibers demonstrate a greater ATP cost of contraction measured by 31 P-MRS compared to their untrained counterparts (Johansen and Quistorff, 2003) . Therefore, the unaltered ATP cost of contraction in the face of a greater proportion of fast MHC reported herein (Fig. 4) might, to some extent, reflect a positive adaptation in the skeletal muscle of elderly and, perhaps, be indicative of a better coupling between force generation and myosin ATP hydrolysis in the fast-twitch fibers post-MST.
Effect of MST on exercise efficiency assessed by indirect calorimetry during cycling in elderly
In accordance with previous studies (Barrett-O'Keefe et al., 2012; Wang et al., 2017) , 8 weeks of isolated knee-extension exercise training significantly enhanced net efficiency measured by indirect calorimetry during whole-body cycling exercise (Fig. 1) . As mitochondrial efficiency is unaltered with this type of training (Robinson et al., 2017) , and in the absence of a change in the ATP cost of contraction post-MST (Fig. 3) , other factors must be accountable for the lower metabolic cost of Fig. 2 . The effects of 8 weeks of maximal strength training in older subjects on the ATP synthesis rates from oxidative phosphorylation (ATP ox ), anaerobic glycolysis (ATP gly ), and creatine kinase reaction (ATP ck )(left panel), and the relative contribution from oxidative phosphorylation and anaerobic (glycolysis and creatine kinase reaction combined) pathways to ATP synthesis during the continuous knee-extension exercise. Values are presented as mean ± SEM (n = 9). *, P < 0.05; significantly different from pre-training.
O.K. Berg et al. Experimental Gerontology 111 (2018) 154-161 cycling.
It is indeed possible that the improvement in net efficiency during submaximal cycling stemmed from an upward shift in the force-frequency/force-velocity curves as observed in the present study and previously (Osteras et al., 2002) . Based upon the Henneman size principle of motor unit recruitment, this would result in the preferential recruitment of the more efficient type I and IIa fibers at a given submaximal workload. Additionally, strength training has been reported to reduce antagonist muscle co-activation (Hakkinen et al., 2000) , and the amount of active muscle mass during exercise (Ploutz et al., 1994) . Consequently, the reduced metabolic demand at a given workload during cycling post-MST may be caused by fewer muscle fibers being recruited, and/or increased reliance on more efficient type I muscle fibers during exercise.
Clinical implications
The results of the present study add to the growing body of evidence Fig. 3 . The effects of 8 weeks of maximal strength training in older subjects on Torque-Time integral (A), total ATP synthesis rates (B), and total ATP cost of contraction (C) during the continuous and intermittent knee-extension contraction protocols. Values are presented as mean ± SEM (n = 9). *, P < 0.05; significantly different from pre-training.
Table 2
The effects of 8 weeks of maximal strength training on muscle force characteristics and volume in older inactive subjects. RM, maximal repetition. Values are expressed as mean ± SD (n = 9).
O.K. Berg et al. Experimental Gerontology 111 (2018) 154-161 supporting the use of MST in healthy sedentary adults as an effective intervention to mitigate the loss of muscle function and mobility accompanying aging (Toien et al., 2018; Wang et al., 2017) . Indeed, MST carries a lower risk of injury compared to endurance training in elderly (Pollock et al., 1991) , provides robust benefits in numerous key components of muscle function (rate of force development, strength, W′), and improves exercise efficiency (Heggelund et al., 2013; Wang et al., 2017) . In addition, the MST-induced improvement in anaerobic work capacity appear particularly relevant functionally as daily-living activities are rarely performed at steady-states and require rapid transient changes in ATP supply from energy buffering systems such as PCr and anaerobic glycolysis. It is also noteworthy that muscle volume was increased by~10% in the present study thus reversing nearly a decade of sarcopenia (Mitchell et al., 2012) . Using a similar training program, 9 weeks of knee-extension training (4 sets of 5 RM, 3 times a week) in elderly men and women, quadriceps muscle volume measured by MRI increased~12%, (Tracy et al., 1999) . Interestingly, despite higher training volume, strength training programs utilizing lower loads and more repetitions appears to increase muscle volume to a lower extent (~3-7%) than MST in elderly (Trappe et al., 2011; Van Roie et al., 2013) . Together, these findings suggest that MST is an effective training method, and should be incorporated in interventions designed to promote functional independence in the older population.
Experimental consideration
While the continuous contraction minimized the activity of the ionic pump such that the metabolic demand predominantly originated from the myosin ATPase, it should be recognized that the sarcoplasmic reticulum (SR) ATPase also contributed to some extent to the total energy demand during this protocol. However, its contribution was substantially diminished compared to the intermittent contraction protocol or other types of contraction involving muscle shortening and relaxation. Indeed, by using a maximal contraction, the energy required by the myosin ATPase was a larger fraction of the total energy turnover compared to a submaximal intensity (Stienen et al., 1995) . In addition, it is estimated that the energy demand from ionic pumping accounts for 1/3 of the total energy turnover during isometric contraction (Barclay et al., 2008) . This value obtained during short (1 s) tetanic contraction is, however, likely higher than the present experimental condition where ATP synthesis rate and force generation were quantified at the end of the exercise. It is indeed well established that the energy turnover declines as contraction continues (Abbott, 1951; West et al., 2004) , partly as a consequence of a decrease in the energy turnover from Ca 2+ pumping (Lou et al., 1997; West et al., 2004) . Such findings should also be contrasted with the greater role of SR ATPase to the total energy demand during intermittent contraction or unfused tetanus. For instance, it has been documented that the energy turnover during muscle shortening and relaxation is twofold higher compared to shortening alone in mouse skeletal muscle in vitro, which is likely mediated by a greater energy demand from the ionic pumps to restore resting muscle tension (Barclay and Weber, 2004) . Further to this, selective inhibition of SERCA pumps and/or myosin ATPase in the extensor digitorum longus of mouse also suggest a larger contribution from SERCA pumps to the overall energy turnover during unfused tetanus, a protocol that somewhat resemble our intermittent contractions (Brault et al., 2013) . For instance, based upon the changes in PCr consumption, SERCA inhibition resulted in~50% reduction in muscle energy demand whereas selective inhibition of myosin ATPase in type II fibers reduced force production by 80% and only decreased PCr consumption by~6% (Brault et al., 2013) . Together, these findings therefore lend support to the use of continuous and intermittent contractions to qualitatively examine the relative contribution of SERCA pumps and/or myosin ATPase to the overall muscle energy demand.
Conclusion
In conclusion, this study revealed that 8 weeks of MST increases the ATP synthesis from anaerobic glycolysis and the creatine kinase reaction in association with a greater force generation during sustained maximal contraction of the knee-extensors. This greater anaerobic contribution to ATP synthesis during exercise likely originated from a shift toward a more glycolytic muscle phenotype (greater proportion of fast MHC isoforms) with MST. In contrast, the ATP cost from both crossbridge cycling and ion pumping during isolated knee-extension exercise remained unchanged. Together, the molecular and functional adaptations of the skeletal muscle induced by MST suggest that this training method might be an effective counter-measure to preserve a more glycolytic muscle phenotype and attenuate some of the detrimental effects of aging on muscle function and mobility. Fig. 4 . Changes in protein expression from the vastus lateralis for the myosin heavy chains (fast and slow), and the proteins involved in calcium handling. MHC, Myosin Heavy Chain; DHPR, Dihydropyridine, SERCA 1 and 2, sarco/ endoplasmic reticulum calcium-ATPase isoform 1 and 2. Values are presented as relative mean ± SEM (n = 9).*, P < 0.05; significantly different from pretraining.
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